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Abstract The time course of the different esters of chlorophyl-
lide (Chlide) during the formation of chlorophyll a (Chl) in
embryonic bean leaves containing proplastids was investigated by
HPLC. After the reduction of photoactive Pchlide (Pchlide) to
Chlide, three intermediates, i.e. Chlide geranylgeraniol, Chlide
dihydrogeranylgeraniol and Chlide tetrahydrogeranylgeraniol
were detected before the formation of Chlide phytol, i.e.
authentic Chl. The transformation of Chlide to Chl was found
to be much faster in leaves containing proplastids than in
etiolated leaves with etioplasts. ß 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science
B.V. All rights reserved.
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1. Introduction
Reconstitution experiments [1] as well as in vivo studies
(Chlamydomonas [2], higher plants [3]) have shown that cor-
rect assembly of pigment^protein complexes of the photosyn-
thetic apparatus requires esteri¢ed chlorophyllide (Chlide), in
addition to xanthophylls. Chlide esteri¢cation occurs after the
photoreduction of photoactive protochlorophyllide (Pchlide)
by NADPH:Pchlide oxidoreductase (EC 1.6.1.33) since it is
generally accepted that Pchlide esters are not substrates for
this enzyme [4].
Chlide esteri¢cation has been mainly studied with etiolated
material, i.e. containing etioplasts. With this type of plant
material it was established that Chlide resulting from photo-
active Pchlide photoreduction (reviewed in [5]) is ¢rst esteri-
¢ed with geranylgeraniol pyrophosphate. The reaction is cat-
alyzed by chlorophyll synthase [6]. Then the Chlide
geranylgeraniol moiety is hydrogenated to successively yield
Chlide dihydrogeranylgeraniol, Chlide tetrahydrogeranylgera-
niol and ¢nally Chlide phytol, i.e. authentic chlorophyll (Chl)
which constitutes the ¢nal product of the reaction [7]. Since
the esteri¢cation and the hydrogenations have di¡erent sensi-
tivity to low temperature and anaerobiosis, it was proposed
that the enzyme(s) catalyzing the hydrogenations is (are) dif-
ferent from Chl synthase (reviewed in [8]). More recently, the
chlP gene from Synechocystis sp. PCC 6803 was found to
restore the hydrogenation capacity of geranylgeraniol in a
mutant of Rhodobacter sphaeroides accumulating bacterio-
chlorophyll geranylgeraniol [9]. This experimental result is a
strong evidence in favor of this hypothesis. Great di¡erences
in the esteri¢cation process were however found in intact
plants. The Chl formed within the ¢rst 15^20 min of the
esteri¢cation is mainly Chlide geranylgeraniol from etiolated
seedlings [7,10] but exclusively Chlide phytol in green barley
seedlings [11,12]. On the basis of this di¡erence it was con-
cluded that in green plants Chlide is directly esteri¢ed with
phytyl pyrophosphate (reviewed in [13]). Since investigations
on plastid ultrastructure have shown that the etioplast stage is
usually not reached by plant tissues developing in natural
light/dark cycle (reviewed in [14]), one can ask whether in
these plants Chlide is esteri¢ed directly with phytol pyrophos-
phate or with geranylgeraniol pyrophosphate at the beginning
of greening. Studying Chl formation in embryonic bean leaves
with proplastids under a natural light/dark regime, Schoefs et
al. [15] never observed intermediates between Chlide and
Chlide phytol. The authors concluded that either the esteri¢-
cation with phytyl pyrophosphate is also direct or that the
intermediates have a very short live time making them not
distinguishable in the time scale used in their study. This
contribution aims to solve this question.
2. Materials and methods
2.1. Plant growth
Seeds of Phaseolus vulgaris cv. Red Kidney were grown in a dark
room on water according to Schoefs et al. [16]. After 2 days of
growth, the seedlings were dissected under a dim green light and the
embryonic leaves were used for experiments. For each analysis, 50 leaf
pairs were used.
2.2. Leaf illumination and pigment extraction
The leaves were illuminated with a commercial electronic photo-
graphic £ash (2 ms duration). Then the pigments were extracted in
methanol (Merck, Darmstadt, Germany) using a mortar and a pestle
either immediately after the £ash or after a period of darkness, up to
30 min. The extract was centrifugated at 15 000Ug during 3 min. The
supernatant was collected and ¢ltered through a 0.45 Wm PTFE ¢lter
(Millipore, Millex) and dried under a nitrogen stream. To avoid pig-
ment degradation, all the extraction steps were performed as rapidly
as possible, under a dim green light and at 273 K, as recommended by
Bertrand and Schoefs [17]. We found this last condition important
since chlorophyllase, the enzyme which catalyzes phytol removal re-
mains active in organic solvents. However, the optimum temperature
of the reaction is rather high (approximately 300 K, reviewed in [18]).
Therefore, in our experimental conditions, artefact due to the activity
of this enzyme is rather limited.
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For the experiments at 273 K, the leaves were incubated on melting
ice during 30 min before being £ashed. The temperature at the leaf
level was checked using contact digital thermometer.
2.3. HPLC analysis
The dried samples were dissolved in 250 Wl of methanol and directly
used for HPLC measurements. A 200 Wl aliquot of the pigment solu-
tion was injected into a column packed with original Zorbax phase
(4.6 mmU150 mm; Hewlett Packard). The pigments were eluted ac-
cording to Schoefs et al. [19] at a £ow rate of 1 ml min31 and were
monitored using a Waters 996 photodiode array detector. All the
solvents used were of HPLC quality.
3. Results and discussion
Fig. 1 compares the actual HPLC chromatograms recorded
at 434 nm (Chl(ide) and Pchl(ide) a) and 662 nm (Chl(ide) a)
with 2 days old leaves £ashed and then placed in the dark for
4 min before pigment extraction. The ¢rst peak is due to
Pchlide (for the identi¢cation of the peaks corresponding to
carotenoids, see Schoefs et al. [19,20]). The inset presents an
enlarged view of the region where the Chlide esters were
eluted. Because Pchlide esters are also eluted in this region,
the chromatogram recorded at 623 nm is also presented. Six
peaks were detected in this region. On the basis of the absorp-
tion spectra and the comparison of the capacity factor values
with those of literature [19], the di¡erent peaks were identi¢ed
as Chlide (peak 1), Pchlide (peak 2), Chlide geranylgeraniol
(peak 3), Chlide dihydrogeranylgeraniol (peak 4), Chlide tet-
rahydrogeranylgeraniol (peak 5), Chlide phytol (peak 6) and
Pchlide phytol (peak 7). The presence of this last peak was not
expected since it was not reported previously in our [15]. No
other esters of Pchlide were detected. This result strongly
suggests that the formation of Chlide phytol from Chlide is
a four-step process as it is in the plants with etioplasts.
Fig. 2 shows the variations of the relative amount of the
four Chlide esters during the ¢rst 30 min of darkness follow-
ing the saturating £ash which triggered the complete photo-
transformation of photoactive Pchlide to Chlide. Immediately
after the £ash only Chlide was observed. Its proportion de-
creased rapidly and it was no longer observed in the extracts
of leaves placed in the dark for more than 2 min after the
£ash. During this period Chlide geranylgeraniol appeared ¢rst
and then the other esters were detected. Their relative amount
increased transiently and then decreased while Chlide phytol
was accumulated. The entire pool of Chlide was transformed
in Chlide phytol within the 15 min of darkness following the
Fig. 1. Actual HPLC chromatograms recorded at 434, 623 and
662 nm (the two last ones only in the inset) of the pigments ex-
tracted from 2 days old bean leaves having received a saturating
polychromatic £ash and replaced in the dark for 4 min. The inset
presents an ampli¢ed view of the part of the chromatograms where
the di¡erent Chlide esters were eluted. Only the peaks corresponding
to (P)Chl(ide) are denoted by a number: Peak 1, Chlide; peak 2,
Pchlide; peak 3, Chlide geranylgeraniol; peak 4, Chlide dihydroger-
anylgeraniol ; peak 5, Chlide tetrahydrogeranylgeraniol ; peak 6,
Chlide phytol; and peak 7, Pchlide phytol.
Fig. 2. Time courses of the relative amount of Chlide (F), Chlide-
GG (b), Chlide-DHGG (8), Chlide-THGG (E) and Chlide-Ph (a)
during the formation of authentic Chl. Each point is the mean of
two independent runs.
Fig. 3. Comparison of the relative amount of the di¡erent chemical
forms of Chlide present in 2 days old leaves having received one
single saturating £ash and incubated during 15 min in the dark be-
fore pigment extraction. The experiments were performed either at
298 K or 273 K.
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£ash. No direct esteri¢cation of Chlide with phytol pyrophos-
phate was detected.
In order to determine whether lowering the temperature
down to 273 K will di¡erentially reduce the speed of either
reactions (i.e. esteri¢cation and hydrogenations), the previous
experiment was partially repeated with leaves incubated at this
temperature prior the illumination. Fig. 3 compares the rela-
tive amounts of the di¡erent Chlide esters contained in leaves
incubated for 15 min in the dark after the £ash. After this
period the leaves incubated at 273 K mainly contained non-
esteri¢ed Chlide and Chlide geranylgeraniol. This result was
expected since a low temperature a¡ects more the hydrogena-
tion steps than the esteri¢cation one [8].
To explain why the esteri¢cation process is faster in leaves
with proplastids than in leaves with etioplasts, it is necessary
to consider the particularities of the ‘Pchlide^Chlide’ cycle
(reviewed in [5]) and of the plastid ultrastructure of these
leaves ([21], reviewed in [22]).
In young leaves, the Shibata shift is not observed [21,23,24]
and Chlide is immediately released from the active site of the
enzyme [23]. This corresponds to the formation of Chlide
emitting £uorescence at 675 nm. This Chlide is immediately
available for esteri¢cation. Rapid esteri¢cation is only possi-
ble if both NADPH:Pchlide oxidoreductase and chlorophyll
synthase are in proximity. This seems to be the case in the
proplastid membranes as well as in etioplast ones. In fact, in
etioplasts, both enzymes are associated to the prolamellar
body membranes [25,26] but in this case chlorophyll synthase
is latent since Chlide remains bound to LPOR. Esteri¢cation
should await for the dissociation of the large aggregates of
Chlide^NADPH:Pchlide oxidoreductase [26]. This occurs
during the Shibata shift (reviewed in [27]). Nevertheless, a
small fraction, approximately 15% of the initial Chlide pool
[28] is rapidly esteri¢ed [29,30]. It corresponds to the Chlide
emitting at approximately 675 nm [21,23]. A large proportion
of this Chlide spectral species is formed in leaves treated with
delta-aminolevulinic acid [31,32]. Nielsen [32] found that it is
fastly esteri¢ed. It can be deduced from the studies using iso-
lated internal membranes from etioplasts [33] that this Chlide
is mainly formed in the prothylakoids which are in many
aspects similar to the non-appressed internal membranes of
proplastids. We can, therefore, assume that this Chlide is
also esteri¢ed along a four-step process.
Fast esteri¢cation of Chlide emitting at 675 nm is necessary
in the case of young leaves. In fact, the newly formed Chlide is
not protected by carotenoids from photooxidation [34,35]. In
addition, the ‘Pchlide^Chlide’ cycle of leaves with proplastids
does not include the appendice which protects the newly
formed Chlide against photooxidation in leaves with etioplasts
([36,37], reviewed in [5]). Chl(ide) photooxidation results not
only in pigment destruction but also in generation of very
reactive oxygen species (see also [38]). Therefore, the forma-
tion of Chl^protein complexes containing carotenoids seems
to be the only possible way to protect the newly formed
Chl(ide) from photooxidation. The identity of these proteins
remains to be determined in the case of proplastids. This may
involve proteins such as ELIPs or smaller analogues of Lhcb
[39,40]. Connected to this, £uorescence spectra recorded dur-
ing the ¢rst photoperiod of greening of bean leaves with pro-
plastids present one single band at 683 nm until the activation
of the oxygen evolving system started, i.e. after approximately
12 h of illumination [16,41].
4. Conclusions
We demonstrated that the esteri¢cation process in leaves
containing proplastids is a four-step process very similar to
the one observed in leaves with etioplasts. This indicates that
at the beginning of greening, this mechanism is not a partic-
ularity of etioplasts. In proplastids the reactions are however
much faster than in etioplasts. This is probably due to the fact
that the Chlide is rapidly released from the active site of
NADPH:Pchlide oxidoreductase. Lowering temperature
mainly a¡ects the speed of the hydrogenation steps. This is
a clue for the existence of a di¡erent enzyme than Chl syn-
thase which would catalyze the hydrogenation steps. No direct
esteri¢cation of Chlide by phytol pyrophosphate was ob-
served. It remains to determine at which stage of chloroplast
development and for which reasons the formation of Chl from
Chlide switches from the four-step reaction to direct esteri¢-
cation by phytol pyrophosphate. It is not impossible that
di¡erent Chl synthases are involved in the reaction.
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